With the feature of soft switching, LLC resonant converters present the advantages of high conversion efficiency and low electromagnetic interference that it is applicable to power converters. However, since the output current ripples are large, LLC resonant converters would require larger output capacitors to achieve the feature of high DC output quality. With the application of resonant circuits, the provided current shaping network has overcome the above drawbacks; however, there is still no design rule for resonant element parameters. For this reason, this study aims to develop a series of methods for the design of resonant element parameters and to seek for the optimal output current modification so as to achieve the purpose with the lowest output current ripples. The experimental results show that it can effectively reduce the output current ripples up to 20.4%, when the output is fully loaded.
Introduction
In recent years, consumer electronic products present stricter requirements on power adapter for the purposes of energy saving, environmental protection, and handiness. Different from the low power of switching power supply converters or high power, but requiring cooling fans, of desktop computer products for general consumer electronic products, the power suppliers for liquid crystal display televisions are mostly with high power output but without cooling fans. In this case, the design of power supply for LCD televisions must be handy and with high conversion efficiency. Furthermore, it has to avoid noise or snowflakes resulted from the interference of high frequency from power suppliers on LCD televisions. For this reason, the architecture of LLC resonant converters has become more emphasized.
F. C. Lee proposed the converters with quasi-resonant and multi-resonant in 1988, and, for the first time, applied zero-voltage multi-resonant converters [1] . In the same year, R. Liu, and C. Q. Lee proposed the multi-resonant technology in LLC series resonant converter (LLC-SRC) to prove that LLC-SRC outperformed traditional SRC, and further applied the analyses of inverter control and mathematical model to complete the LLC-SRC with half-bridge 100W single output. R. Liu further increased the output power to 150W for the multi-output LLC-SRC so that the architecture of LLC-SRC became more emphasized [2] [3] [4] . There have been several literatures on the architecture of LLC resonant [5] [6] [7] [8] [9] [10] [11] . Viewpoints on resonant tank with various combinations or the promotion of switching frequency and efficiency are proposed to make the architecture of LLC resonant more complete and for wider applications [12] [13] [14] [15] . With the advantage of zero-voltage switch, the conversion efficiency of LLC-SRC is high, but the output current ripples are relatively larger. For this reason, a larger output capacitor is required for LLC-SRC to achieve the feature of high DC output quality [16] [17] [18] [19] .
Nevertheless, having additional resonant circuits to modify output current could reduce current ripples, but there has not been an effective method to design the resonant circuit elements that mismatching resonant circuits could increase current ripples. For this reason, this study proposes to apply genetic algorithms to design resonant network elements and to obtain the optimal theoretical values of resonant elements with the optimal design of genetic algorithms. Finally, this study completes the LLC-SRC prototype circuits with current modification, and further receives the results from circuit experiments and measures show that the output current ripples are effectively controlled, and the output capacitor value is reduced.
Circuit Configuration
Resonant converters combine inductors and capacitors in the resonant circuits and further implement zero-voltage switching or zero-current switching by controlling the switching time to achieve the purpose of reducing switching loss. Moreover, resonant converters incorporate parasitic capacitors and stray inductors into resonant tank without reducing the circuit performance. Figure 1 shows typical voltage gain characteristics for an LLC resonant converter. When LLC is operated in region 2 with output current being DCM, larger output current ripples would be generated. For this reason, larger capacitors are generally required to achieve the high DC output quality. For further improvements, current modifications are often preceded by parallel connection with a set of lossless passive elements in the resonant tank of primary side to reduce output current ripples and further achieve the higher DC output quality. Since there are hardly any voltage surges in the process of diodes switching, diodes with double withstanding voltage to the output voltage are commonly applied. Nonetheless, the problem of forward voltage drop resulting in conducting loss, when the diodes are conducted, should be taken into considerations. The output current o i is
where D i are diode currents, n is turn ratio, ( ) 
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Design Procedure
This paper designs an LLC resonant converter operating in region 2; meanwhile genetic algorithm is applied to calculate the optimal theoretical values of resonant elements and to complete the converter circuit prototype.
LLC resonant converter
Steps of determination of resonant components for region 2 operating are shown as followed.
Step 1: Set the gain and calculate the turns ratio.
Step 2: Select the appropriate r Q . An appropriate r Q can avoid the power switches to operate at zero current switching.
Step 3:
3-1: choose the first resonant frequency r f , as operating in region 2, the full-load switching frequency , s full f is empirically 0.7 r f~0.8 r f .
3-2: choose appropriate power switches with adequate withstand voltage and withstand current, and acquire the parasitic capacitance and the on-resistance.
Step 4: Determine resonant tank r L and r C . However, the theoretical capacitance of r C obtained from theoretical analysis is confined to the practical specifications, therefore an approximately actual capacitor which is much less than the theoretically maximum capacitor can only be selected.
Step 5: Select the appropriate value K for determination of magnetizing inductor m L
Genetic Algorithm
The genetic algorithm (GA) contains powerful operators, the most fundamental of them being reproduction, crossover, and mutation. If reasonable fitness functions are determined and these three operators are appropriately employed, the optimal solution of the theoretical value of circuit elements can be obtained. Table 1 is the design specifications for the LLC resonant converter. L6599 (STMicroelectronics) is adopted as the control IC. [5 F~22 F] C n n . The population size, crossover probability, and mutation probability of GA are 60, 0.5, and 0.008, respectively. According to the design procedure (Figure 2) , the values for genes are first given by binary encoding of the octal (parent generation). The best genes are then retained to the next generation for double crossover. New generations are produced, among which we randomly select genes for mutation.
Design Example
Step by step, we reach the optimal theoretical values. In the last stage, after 40 generations of encoding, reproduction, crossover, and mutation, we obtain the results as shown in Fig. 3 . The lowest . 
Measurements and Discussions
The drive signal, the switch voltage and switch current waveforms of power switch 1 Q and 2 Q for with and without current shaping circuit are shown in ) is very similar when the converter operates at full load. Among them, there are no overlaps between GS v and DS v , and prove that there are no power switch switching losses. So the power switches achieve zero-voltage switching, which improves overall efficiency. i when operated at full load. As there is no reverse recovery current problem, diodes have reached zero-current switching. When the resonant inductor current and the magnetizing inductor current are equal, the transformer primary current is zero. Since there is almost no voltage surge on diodes when switching, it is generally selected the withstand voltage of diodes is twice the output voltage. The only still consideration is the diode conduction loss. . Figure 7 demonstrates reduction rates of the measured peak output currents for the optimal circuit design from 10% load to full load. For most loads, there are at least 15% reductions and a maximum reduction of 20.4% occurred at full load. Fig. 6 . Comparison of peak output currents for LLC converters with and without current shaping network at different loads. Fig. 7 . Reduction rates of the measured peak output currents by using the optimal circuit design. Table 2 is the experimental results of LLC resonant converter with current-shaping network designed by the proposed method. In order to prove that the conversion efficiency is not affected by the added current-shaping network, the changes of the two LLC resonant converters are the resonant inductor 1 L , resonant capacitors r C and 1 C , and the other circuit elements maintain the same. The maximum efficiency is 94.0% when output current is 4A. And the full load efficiency is of 91.9%. Table 2 Measured efficiencies of LLC resonant converter with current-shaping network.
This paper proposes an effective method for reducing the LLC resonant converter output current ripple. In the work, the genetic algorithm is firstly conducted to determine the value of the resonant network components.
Although genetic algorithms can obtain the ideal optimum values, in fact, the actual circuit exists non-ideality factors of the parasitic components. Therefore, there are errors associated with the actual values. However, circuit elements can still be significantly optimized through genetic algorithms design. In this study, the theoretical optimal output current peak value is 15.1A and the experimental result is 15.6A which has dramatically reduced the output current ripple.
